Four experiments, all of which focused on vowel duration, assessed Chinese subjects' production and perception of the contrast between/t/and/d/in the final position of English words. Vowel duration was measured in minimal pairs in the first experiment. The stimuli in natural-edited beat-bead and bat-bad continua in which vowel duration varied in 20-ms steps were then presented to native English and Chinese subjects in a forced-choice test, in an experiment using the method of adjustment, and in an imitation task. The non-natives who learned English in childhood closely resembled native speakers in all four experiments. Three groups of non-natives who had learned English as a second language in adulthood, on the other hand, differed from the native speakers. The late learners produced significantly longer vowels in words ending in/d/than/t/. However, the late learners' vowel duration differences were much smaller than the native speakers', and were correlated significantly with degree of foreign accent in English. The late learners differed from the native speakers in several ways in the two perception experiments, and also in the imitation task. The pattern of significant and nonsignificant between-group differences, but not data for individual subjects, was consistent with the hypothesis that L2 (second language) production accuracy is limited by the adequacy of perceptual representations for sounds in the L2.
INTRODUCTION
This study assessed production and perception of the word-final English/t/-/d/contrast by individuals who had learned English as a second language either in childhood ("child learners") or in adulthood ("late learners"). Flege (1992a,b) hypothesized that late learners may eventually add phonetic categories to their existing phonetic inventory in order to accommodate second language (henceforth L2) sounds that differ substantially from any sound in the native language (L1). He claimed that this is much less likely to occur, on the other hand, for L2 sounds that are related to a corresponding sound in the L1 yet differ acoustically from the L1 counterpart. For such "similar" L2 sounds, phonetic category formation may be blocked by the perceptual mechanism of equivalence classification. The hypothesized difference in how new and similar sounds are treated perceptually leads to the prediction that new but not similar sounds in an L2 may be mastered eventually by adult L2 learners. The prediction concerning similar L2 consonants has been confirmed in a number of previous studies (e.g., Flege, 1991 ) .
The primary aim of the present study was to test the prediction concerning L2 consonants that might potentially be Of the numerous acoustic differences between English voiced and voiceless stops in word-final position, vowel duration has probably received the most attention, although some researchers regard closure voicing as more important (Kluender et al., 1988) . The great interest in vowel duration arises from its apparently unique status in English. In prepausal position, the effect of stop voicing on preceding vowel duration is larger in English than in other languages with final stops (e.g., Chen, 1970) . As one might expect from this, vowel duration influences English speakers' perception of the voicing feature in word-final final stops and fricatives (e.g., Raphael, 1972) . Of course, so do other dimensions such as FI offset frequency, stop closure duration, the presence/absence of closure voicing, and the duration, intensity, and spectrum of the final release burst (e.g., Hogan and Rozsypal, 1980; Fischer and Ohde, 1990 ). The present study nevertheless focused on vowel duration because vowel duration is measured easily, and an incorrect specification of vowel duration contributes to foreign accent (Elsendoorn, 1984) . Also, production and perception of vowel duration can be compared readily. Given the diversity of cues to the: voicing feature in final stops, the production of nativelike vowel durations would not, in itself, demonstrate mastery of the English/t/-/d/contrast. However, the absence of na-. tivelike vowel durations would certainly demonstrate a lack of mastery, especially given that children acquiring English as their L1 begin producing large vowel duration differences in/t/vs/d/-final words at an early age (e.g., Naeser, 1970).
Previous research suggests that most adult L2 learners produce smaller voicing effects than native speakers, at least in list-reading experiments (see Flege, 1988a) . It also appears that the number and nature of stop consonants in nonnatives' L1 may influence the magnitude of voicing effects.
Evidence of cross-language phonetic interference can be seen clearly in French-accented English, for example. Differences in the duration of vowels in words ending in/p t k/ vs/b d g/is smaller in French than English, and French speakers of English produce smaller voicing effects in English words than do native speakers (Mack, 1982; Fiege and Hillenbrand, 1986 ). The implication is that French speakers of English identify/b d g/and/p t k/tokens in English words in terms of the corresponding French stop categories, and produce them accordingly. Cross-language phonetic interference is also evident in Arabic-accented English. Native speakers of Arabic produce smaller voicing effects in English words than native speakers, apparently because there is very little if any effect of stop voicing on preceding vowel duration in Arabic (e.g., Flege and Port, 1981; Mitleb, 1981; Munro, 1993) . Here, however, a clear case cannot be made that an incorrect specification of vowel duration in English words has a perceptual basis. Flege (1984) examined the identification of final fricatires in a synthetic peace-peas continuum in which vowel duration varied. Inexperienced Arabic speakers of English showed as large an effect of vowel duration on/s/vs/z/ judgments as did native speakers, even though vowels are about equally long before/s/and/z/in Arabic (Mitleb, 1981 ) . One might interpret these results to mean that the production of vowel duration is unrelated to the perceptual awareness, or use of, vowel duration cues (see Obler, 1982 ).
This could account for why some Japanese subjects, for example, may produce English/r/and/1/better than they identify these non-Japanese sounds (Goto, 1971; Sheldon and Strange, 1982) . However, other L2 research suggests that L2 productive abilities lag behind the development of perceptual abilities (Snow and Hoefnagel~Hfhle, 1979; Elsendoorn, 1984) . Perhaps Arabic subjects in the F!ege (1984) study did not make phonetic use of vowel duration as a cue to the/s/-/z/contrast. They may have "reinterpreted" vowel duration differences in the stimuli as a phonemic vowel length contrast (see Flege, 1988a , p. 286), or else arbitrarily assigned relatively long-duration stimuli to one button, and short-duration stimuli to the other button, without actually perceiving different final consonants or vowels (Crowther and Mann, 1992) . Elsendoorn (1984) examined Dutch subjects' production and perception of vowel duration in English words ending in/p t k/and/b d g/. The effect of the voicing feature in word-medial (intervocalic) stops on preceding vowel duration in Dutch words is nearly as large as the effect seen in English (see Staatsen and Leijten, 1976) . The effect in Dutch is much smaller for vowels preceding word-final stops, however, because there the distinction between voiced and voiceless stops is neutralized by a phonological rule. In one production experiment, Eisendoorn noted very small voicing effects in English words that had been read from a list by Dutch high school students. He nevertheless observed English-like voicing effects in a sentence repetition task. In an identification experiment, vowel duration had a larger effect on experienced Dutch subjects' judgments of the final stop in CVC English words than it did for less experienced Dutch subjects. In still another production experiment, Elsendoorn had Dutch subjects read English words in isolation, then adjust the duration of vowels in English words such as lit and lid until the words sounded "correct." Dutch university students majoring in English produced even larger voicing effects than native speakers. The least experienced of the four Dutch groups who were tested produced virtually no voicing effect. They did, however, adjust vowels to be longer in words ending in/d/than/t/.
Significant correlations between produced and perceived (i.e., adjusted) vowel durations were noted, even for inexperienced Dutch subjects. This led Elsendoorn to conclude that Dutch learners of English establish an "internal representation" of the vowel duration correlate of word-final stop voicing, albeit one that may be less "sharply defined" than native speakers' (1984, p. 100).
Although the Dntch results just reported support the hypothesis that perceptual sensitivity to vowel duration precedes its appearance in production, they might not generalize to speakers of other languages. Certain pairs of vowels in Dutch differ primarily according to duration. Perhaps the existence of phonemic vowel length distinctions in the LI will heighten sensitivity to vowel duration differences in English words. Perhaps, too, the Dutch subjects were able to transfer their use of vowel duration cues to word-medial Dutch stops to word-final English stops. The studies that have most directly addressed the claim that new L2 consonants can be mastered by adult learners are those that have examined speakers of languages that do not have word-final stops. Transcriptions provided by Eckman (1981) suggested that speakers of Mandarin produced voiced and voiceless word-final English stops accurately (see also Hiramatsu, 1990 ). However, several recent studies have failed to support the prediction that speakers of Ll's without final stops will master word-final English stops (Flege, 1988c;  Crowther and Mann, 1992; Flege et al., 1992). Most nonnative subjects examined in those studies produced smaller vowel duration differences than native speakers.
Four experiments were carried out in the present study. The duration of vowels in English minimal pairs ending in /t/ vs /d/ was measured in experiment 1. In experiment 2, subjects identified, as/t/or/d/, the final stops in two natural-edited continua in which vowel duration had been varied in 20-ms steps. The same two continua were used in experiment 3, which employed the method of adjustment to assess the subjects' perceptual sensitivity to vowel duration as a cue to the voicing feature in word-final stops. In experiment 4, subjects imitated the duration of vowels in the two continua and in a continuum of isolated vowels. In addition to assessing the relation between the production and perception of vowel duration as a cue to the word-final English/t/-/d/ distinction, the present study tested differences between groups of subjects differing in the age at which English was learned and/or English-language experience.
Performance of subjects in a native English group was compared to that of subjects in four non-native groups. The "childhood" (or "child") L2 learners, most of whom were native speakers of Taiwanese, were first exposed to English as children. Two gronps of mostly Taiwanese "late learners," who began learning English as adults, differed primar-ily according to length of residence in the U.S. The native Mandarin late learners in another group were matched, in terms of length of residence in the U.S., to the less experienced of the two Taiwanese groups. Subjects in the child learner group arrived in the U.S. between the ages of 3 years and 13 years. The latter age is often said to demarcate individuals who will or will not speak an L2 with an accent (e.g., Scovel, 1988) , although more recent research suggests that foreign accents first emerge at around that age of 7 years (Flege and Fletcher, 1992) . Given that an incorrect specification of vowel duration may contribute to foreign accent (Elsendoorn, 1984) , some subjects in the child learner group might be expected to produce smaller voicing effects, or to show a smaller influence of vowel duration on perceptual judgments, than the native speakers. The experienced Taiwanese late learners were compared to the relatively inexperienced Taiwanese late learners. Although results cited earlier suggest that the experienced Taiwanese late learners would not produce nativelike vowel duration differences in words ending in/t/vs/d/, it was of interest to learn if they would also show smaller perceptual effects of vowel duration than the native speakers.
The inexperienced Mandarin and Taiwanese late learners were also compared. Taiwanese has words ending in /p t k / but not/b dg/; Mandarin permits no obstruents of any kind at the end of words (Cheng, 1973; Norman, 1988 The purpose of this experiment was to measure vowel durations in English words ending in/t/and/d/that had been spoken by native speakers of English and by four groups of non-native speakers.
A. Method
Subjects
Characteristics of the five groups of subjects who participated are summarized in Table I . There were nine subø jects in the "child learner" group, but ten subjects in all other •' LOR, length of residence in the U.S., in years.
' AOA, age of arrival in the U.S., in years. cording to length of residence in the U.S. but--more importantly-these groups differed according to age of L2 learning. The experienced Taiwanese late learners arrived in the U.S. at an average age of 25 years, the child learners at an average age of just eight years (range = 3 to 13 years).
Procedures
The production experiment was carried out first to avoid possible effects of exposure to the perceptual stimuli on production. The vowels/i/,/•/,/a•/,/o/,/eL/e'/, and /u/were inserted into/b_t/and/b_d/frames, yielding seven minimal pairs. Subjects read seven randomized tokens of each word from a list at the end of a carrier phrase (I will say__). The speech samples were recorded in a sound booth using a cassette tape recorder (Sony model TCDSM). The subjects were told to produce the utterances conversationally, maintaining a constant rate and loudness level. Produe-tio n of the utterances was modeled by the experimenter, who said nontest CVCs at the end of the carrier phrase. She spoke the model utterances at a moderate rate, placing main sentence stress on the variable CVCs. The experimenter instructed subjects to begin again if she perceived them to have begun speaking rapidly or slowly.
Measurement
The middle five repetitions of each test word were measured acoustically. Vowel duration was measured to the nearest 4 ms using a PM pitch analyzer (Voice Identification, Inc.), from the first sampling point in the intensity trace that exceeded 66% of the eventual peak syllable intensity to the last above-zero data point in the intensity trace. The segmentation criteria excluded the release burst of/b/ (when one was present) and, at the amplitude setting employed, the closure voicing in/d/(when present). A single research assistant made all measurements. To assess measurement reliability and validity, 30 randomly selected words (14 ending in/d/, 16 in/t/) spoken by a female native speaker were examined. These words were each measured twice by the assistant using the PM pitch analyzer, a Kay (model 7800) sound spectrograph, and a digital waveform editing program. The author also measured the 30 words using the PM pitch analyzer. As summarized in Table  II, unlikely that the late learners were unaware that/t/differs phonologically from/d/in English. As suggested by Flege and Port (1981), their problem seems to have been one of phonetic implementation. The lack of a significant difference between the experienced and inexperienced Taiwanese late learners suggests that an additional 4 years of Englishlanguage experience is insufficient to increase vowel duration differences measurably. This may mean that the presence versus absence of word-final stops in the L1 does not influence greatly how well late learners will produce the English word-final/t/vs/d/contrast. Perhaps a difference between groups would have been noted had more experienced Mandarin and Taiwanese subjects been compared. As hypothesized in the Introduction, the child learners produced significantly smaller differences than the native speakers in one minimal pair (viz., beat-beat). They did not differ significantly from the native speakers for bat-bad, however; nor did they differ from the native speakers when the vowels in all seven/t/-and/d/-final words were averaged. Greater differences between the native speakers and the child learners might have been observed had more of the child learners first been exposed to English after 7 years of age. Three subjects who arrived in the U.S. between 3 and 6 years of age produced a difference that averaged 125 ms; child learners whose first exposure to English occurred between the ages of 9 and 13 years produced differences averaging just 92 ms.
II. EXPERIMENT 2
The 49 subjects next identified the final stops in CVC stimuli as/t/or/d/.
Vowel duration varied in 17 steps in natural-edited continua ranging from beat to bead and from bat to bad. Using similar stimuli, Elsendoorn (1984) found that the effect of vowel duration was larger for native speakers of English and experienced Dutch L2 learners than for inexperienced Dutch L2 learners. The experienced Taiwanese subjects in the present experiment might therefore be expected to show a larger effect of vowel duration than the two inexperienced late learner groups, even though they did not produce larger voicing effects than the inexperienced subjects in experiment 1. If so, this would support the hypothesis that perceptual sensitivity to vowel duration precedes the production of large vowel duration differences.
A. Method
The results of previous research suggested that, for the purposes of the present study, it would be more appropriate to use natural-edited than synthetic stimuli. Results obtained using synthetic speech might not be replicahie with natural stimuli (e.g., Burton groups, slopes were somewhat steeper for bat-bad than beat-bead. The functions obtained for the three groups of late learners were more gradual, which agrees with the results obtained by Elsendoorn (1984 All native speakers and child learners identified stimuli with long vowels as ending in/d/, and stimuli with short vowels as ending in/t/. Of the 60 data sets obtained for late learners, this pattern of labeling was reversed six times for beat-bead and twice for bat-bad. One possible explanation for such reversals is that certain late learners associated long vowels with/t/, and short vowels with/d/. However, if this were so, one would not have expected five of the six late: learners who reversed labels for beat-bead to show the expected pattern for bat-bad. Perhaps some late learners partitioned the CVC continua by making auditory rather than. phonetic use of vowel duration. If so, then the decision to assign long vowels to one button and short vowels to the other button would have been arbitrary, and reversals would be expected. In the absence of compelling evidence in favor of either explanation, a second ANOVA in which the reversals were "corrected" was carried out. The data for native speakers and child learners were, of course, unchanged. However, as shown in Fig. 3 , the late learners' difference scores were somewhat higher than they were before the re- 
Boundary analyses
Curve-fitting techniques were used to determine which of the 98 identification functions were suitable for phoneme boundary analysis. The beat-bead functions of four inexperienced Taiwanese late learners and one experienced Taiwanese late learner did not show a systematic effect of vowel duration (i.e., the slopes obtained did not differ significantly from zero). The same was true for four non-native speakers' bat-bad functions. Of the remaining data sets, 23 were best fit by a linear function, two by an exponential function, and 64 by a logistic function (30 for beat-bead, 34 for bat-bad). The data sets best fit by a logistic function generally showed two plateaus near the ends of the continuum separated by a region of rapid change. Phoneme boundaries and slopes were calculated for these data sets using probit analysis.
The boundaries in beat-bead occurred at somewhat greater stimulus values for the native speakers and child learners (9.1, 9.6) than for the three groups of late learners, whose mean boundaries ranged from 7.2 to 8. 
Slope and consistency analyses
Slopes of identification functions are used in developmental speech perception research as an index of how well subjects can differentially label sounds based on the manipulation of one or two acoustic parameters. Inexperienced L2 learners have been found to have shallower slopes than native speakers (e.g., Best and Strange, 1992; Crowther and Mann, 1992), suggesting that segmental phonetic contrasts are less "sharply defined" for them than for native speakers (Elsendoorn, 1984) . Two slope analyses were carried out here. In the first, the slopes obtained using probit analysis (see above) were examined. None of these tests yielded a significant group effect, probably because only 64 of the 98 data sets could reasonably be modeled by a probit function. produced significantly smaller voicing effects than the native speakers. In the present experiment, shortening the duration of vowels in natural-edited bat-bad stimuli decreased the percentage of/t/judgments given by the subjects in all groups. For beat-bead, the effect size was significantly greater for the native English subjects than for the inexperienced Mandarin subjects, and also for the inexperienced Taiwanese late learners once labeling reversals had been corrected. There was not a significant difference between the native speakers and the experienced Taiwanese late learners, suggesting that the experienced late learners had acquired a nativelike sensitivity to vowel duration. If so, then the present results, when taken together with the production data from experiment 1, could be viewed as providing support for the hypothesis that the perception of vowel duration cues precedes its production. This conclusion can be questioned on several grounds, however. The lack of between-group differences in experiment 2, upon which the conclusion stands, might be attributed to a lack of statistical power arising from a small number of subjects per group, or to intersubject variability. Also, several findings of experiment 2 suggested that the late learners did not use vowel duration in a truly "nativelike" manner. For bat-bad, slopes were steeper for the native speakers and child learners than for the inexperienced Mandarin late learners. The Mandarin subjects were significantly less consistent in labeling short-duration stimuli than the native speakers and child learners. Experienced and inexperienced Taiwanese late learners were less consistent than the native speakers in identifying one short-duration stimulus. Also, some late learners reversed the labels used by all native speakers. Finally, for identification functions that could be subjected to probit analysis, the late learners' phoneme boundaries occurred at shorter vowel durations than those obtained for the native speakers and child learners.
III. EXPERIMENT 3
In experiment 2, only inexperienced late learners showed a smaller effect of vowel duration in identifying word-final stops than did the native speakers (and then only for one of the two CVC continua). However, the experienced late learners did differ from the native speakers in response consistency, which suggests that they did not use vowel duration in a truly nativelike fashion. Experiment 3
• beot-beod continuum 
learners (TB), childhood L2 learners (TC), and native English speakers (NE). The brackets enclose _+ I standard error assessed further the non-natives' perceptual use of vowel duration as a cue to the word-final English/t/-/d/contrast. It made use of the method of adjustment [see Nooteboom (1973) ]. Elsendoorn (1984) used this technique to examine the range of acceptable vowel durations preceding/t/and /d/in English words for native speakers of English and also Dutch speakers who had learned English as an L2. The size of voicing effects produced by the non-natives was found to
be correlated with the size of vowel duration differences between the subjects' preferred/t/and/d/-final words. The correlations between produced and perceived (i.e., adjusted) vowel durations were greater for relatively experienced than inexperienced Dutch subjects, suggesting that, as in LI acquisition, alignment of production and perception may occur gradually in adult L2 learning (see Flege, 1988a ). In experiment 1 of the present study, late learners produced significantly smaller voicing effects than did native speakers. Given the correlations obtained by Elsendoorn, the possibility existed that the method of adjustment would reveal significant perceptual differences between the native speakers and the experienced late learners that were not evident in experiment 2. Such a finding, if obtained, would tend to undermine the conclusion that the perception of vowel duration precedes the production of an English-like voicing effect.
A. Method
The 49 subjects participated in experiment 3 of this study at the end of the second day of testing. They were instructed to choose one of the 17 beat-bead stimuli as the "best example" of the word beat. In a separate session, they were to choose the best example of bead from the same 1% member array. The same procedure was followed for the bat-bad stimuli. The orders of the target words and continua were counterbalanced across subjects. At the beginning of each session, a card beating the target word was placed on the response box. The stimuli were played out in order from shortest to longest before each session. The stimuli were presented at the end of the same carrier phrase used in earlier experiments (I will say__). The subjects were told to push button $1 if they wanted to hear a word with a shorter vowel. 
C. Discussion
The native speakers of English and the child learners specified greater vowel duration differences between words ending in/t/vs/d/than did the inexperienced Taiwanese and Mandarin late learners, but they did not differ significantly from the experienced Taiwanese late learners. Recall that the experienced and inexperienced Taiwanese late learners, and the Mandarin late learners, produced significantly smaller voicing effects than the native speakers in experiment 1. The data obtained here for the inexperienced Taiwanese and Mandarin late learners therefore neither support nor disconfirm the hypothesis that perception precedes production. The results for the experienced Taiwanese late learners, on the other hand, support this hypothesis when taken together with the experiment 1 results. Of course, the lack of a significant perceptual differences between the native speakers and experienced late learners could be attributed to a lack of statistical power. An imitation experiment was therefore carried out. It sought to resolve whether the experienced late learners did or did not make the same perceptual use of vowel duration as the native speakers. Vowel duration is apparently not used as a cue to segmental phonetic distinctions in Mandarin or Taiwanese (Leather, 1988; Lin and Repp, 1989) , so the native speakers might be more accurate than the non-natives, on the other hand, in imitating isolated vowels because of their experience using vowel duration as a cue to segmental phonetic distinctions.
A. Method
The native and non-native subjects imitated the isolated vowels on the first day of testing, the two CVC continua (in counterbalanced order) on the second day of testing day. Fig. 8(a)-(d) . The native speakers and child learners had discontinuities at the same location, viz., between stimulus 8 and stimulus 9. This was expected because the two groups' identification functions in experiment 2 were very similar for bat-bad. A small discontinuity was evident for the experienced Taiwanese late learners [ Fig. 8 (b) ], but it spanned two stimuli (viz., 7 to 9) rather than just one stimulus. Once again, there was no evidence of a discontinuity for the inexperienced Taiwanese or Mandarin late learners [ Fig. 8(c) and (d) Other ANOVAs examined "discontinuity" scores based on the imitations of stimuli 4 to 14. The largest of the differences between all pairs of stimuli in this range that differed by 80 ms (e.g., stimulus 4 vs 8, stimulus 9 vs 13) were determined for each data set. (Eighty milliseconds was determined to be the smallest step size that was sufficiently large to straddle all subjects' phoneme boundaries.) As expected, all of the mean discontinuity scores in Fig. 9 Correlation analyses were carried out to assess the relation between the production and perception data obtained for the 39 non-native subjects, and between data obtained here for the non-native subjects and foreign accent scores obtained previously for all but one child learner by Flege (1988b) . The Pearson product-moment correlation coefficients obtained in these analyses are presented in Table IV. A significant correlation existed between discontinuity scores obtained in the imitation experiment and degree of foreign accent. The larger the discontinuity scores for isolated vowels (see above), the more accented the non-natives' sentences were judged to be [ r = --0.491, p < 0.01 ]. It was suggested earlier that non-native subjects might be less accurate in imitating isolated vowels than the native English subjects because of a lack of experience using vowel duration as a segmental phonetic cue. Inspection of Fig. 6 suggested that the inexperienced Mandarin late learners and the experienced Taiwanese late learners partitioned the isolated vowel continuum into "short" and "long" portions. It is known that listeners can detect very small divergences from the temporal norms for the vowels oftheir native language (e.g., Nooteboom, 1973) , and that an incorrect specification of vowel duration may contribute to the perception of foreign accent (e.g., Elsendoorn, 1984) . The correlations just reported may therefore mean that degree of accent in an L2 is related to motoric differences in ability to specify vowel du- The diagonal line represents equal vowel duration differences in production and perception. The perception effect was larger than the corresponding production effect for points above the diagonal, whereas the opposite held true for points below the diagonal. Nearly the same number of points fell above and below the diagonal (34 vs 39), suggesting a lack of directionality in the relation between production and perception. A consideration of the number of individuals who showed disproportionate production and perception effects leads to the same conclusion. The number of subjects who showed a 50-ms or greater effect in the perception experiment, but who produced a vowel duration difference of 20 ms or less, was tabulated. These two conditions were met in 11 instances. Also tabulated was the number of subjects who showed a disparity in the opposite direction (i.e., subjects who produced vowel duration differences of at least 50 ms, but showed perception effects of 20 ms or less). These conditions were also met in 11 instances.
Vl. GENERAL DISCUSSION

A. Production-perception relation
This study assessed the extent to which 39 non-native subjects from mainland China and Taiwan The pattern of significant and nonsignificant betweengroup differences obtained here is consistent with the hypothesis that non-natives will resemble native speakers more closely in perceiving than producing vowel duration differences. The native speakers produced significantly larger voicing effects in the minimal pair beat-bead than the child learners and the inexperienced Taiwanese late learners. The native speakers also produced a significantly larger voicing effect in bat-bad than the experienced Taiwanese late learners. However, the child learners and experienced Taiwanese late learners did not differ significantly from the native speakers in perceiving vowel duration cues to the/t/-/d/ distinction in these two minimal pairs.
Data for individual subjects, on the other hand, were not consistent with the "perception before production" hypothesis. As many late learners showed large production effects in the absence of large perception effects as showed large perceptual effects of vowel duration without producing large vowel duration differences. The individual data obtained in the present study therefore agrees with the results of a recent tone-training experiment. Leather (1991) provided either tone production training or tone perception training to Dutch subjects unfamiliar with Mandarin. The ability of subjects trained to identify Mandarin tones was correlated with their ability to produce Mandarin tones in the absence of prior production training. The spontaneous tone production ability of subjects trained to vocally match computerdisplayed tones was correlated with their ability to identify tones in the absence of prior perceptual training. Parallel production and perception errors were evident for the subjects in both training groups. Interestingly, the productionperception correlations were about equally strong for both groups. From this, Leather concluded that there is "no simple correspondence" between production and perception, although the two may manifest an "independent association" even in very early stages of L2 learning ( 1991, p. 140).
Individual data obtained in the present study might be interpreted to mean that success in producing a novel L2 contrast is not, as some claim (e.g., Flege, 1988a, 1992a,b) , limited by the extent to which perceptual representations have developed. One might hypothesize, alternatively, that some of the non-native subjects had difficulty with "the timing of ... articulatory gestures" (see Crowther and Mann, 1992, p. 721 ) and that this--not inadequate perceptual representations-was responsible for the small vowel duration differences they produced. This alternative hypothesis received indirect support from the inverse correlation found to exist between the non-natives' accuracy in imitating isolated vowels and their degree of foreign accent in English. Subjects who had large discontinuity scores in the vowel imitation task (indicating relatively large divergences from stimulus values) had stronger accents in English than those with relatively small discontinuity scores. Self-hearing might also have played a role. The production of inaccurate vowel durations might have reduced the non-native subjects' sensitivity to vowel duration (see Ohde and Sharf, 1988, p. 566).
There are, however, reasons for caution in abandoning the claim that L2 production accuracy may be constrained by the development of nativelike perceptual representations for sounds in an L2. The grouped data were in accord with the "perception before production" hypothesis. Gass (1984) noted an inherent difficulty in comparing perception and production data. Perceptual processing is more "automatic" than speech production, making it less subject to variation in attention and socially conditioned stylistic factors. There is no guarantee that the production results obtained here would generalize to other speaking situations, or even to other phonetic contexts. • In a study by Elsendoorn (1984) , the strength of correlation between production and perception was greater for experienced than inexperienced L2 learners (see the Introduction). Perhaps, as in L1 acquisition Koenigsknecht, 1975, 1976; Bailey and Haggard, 1980; Flege and Eelting, 1986b) , it takes a number of years for L2 perception and production to align optimally. Of the 30 late learners examined in the present study, 16 showed an effect of vowel duration in perception that was opposite in direction to the effects observed for all native speakers and child learners in at least one instance. Perhaps the study would have supported the "perception before production" hypothesis had more experienced late learners been examined.
B. Between-group differences
Several questions were raised in the Introduction concerning differences between groups of non-native speakers.
One concerned whether individuals who began learning English between the ages of 3 and 13 years would differ significantly from native speakers of English in producing and perceiving the word-final English /t/-/d/ contrast. The "child learners" did not differ significantly from the native speakers in perceiving or imitating the/t/-/d/contrast, yet they produced significantly smaller voicing effects than the native speakers in one of the minimal pairs examined (beatbead). Moreover, those who learned English after the age of 9 years produced somewhat smaller overall voicing effects than those who began learning English before the age of 9 years. This is consistent with the hypothesis that foreign accents first emerge at an age of L2 learning (AOL) of roughly 7 years (Flege and Fletcher, 1992 ). It will require further study to pinpoint the AOL at which voicing effects first begin to diverge systematically from those produced by native speakers of English.
A second question was whether groups of Taiwanese late learners who had lived in the U.S. for averages ofS. 1 and 1.2 years would differ. The two groups never differed significantly yet, in all measures of production and perception, the experienced group always resembled the native speakers to a greater extent than the inexperienced group. Thus, as in previous research (e.g., , the effect of additional L2 experience for late learners seems to have been a modest movement in the direction of L2 phonetic norms. Another question was whether the inexperienced Taiwanese late learners would differ from inexperienced native Mandarin late learners. Only small, nonsignificant differences between these two groups were observed. It appears that the presence of/p t k/in the final position of L1 words (Taiwanese), as against the complete absence of word-final obstruents (Mandarin), has little effect on the production and perception of the word-final English/t/-/d/contrast. It is conceivable, however, that more experienced groups of Mandarin and Taiwanese subjects would be found to differ.
A final question was whether the relatively experienced Taiwanese late learners would differ from the native speakers. This question was of interest in connection with the claim that certain "new" L2 consonants can be mastered by adult learners of an L2 (e.g., Flege, 1992a Data obtained in the present study bear on the third potential explanation. In the identification experiment, experienced late learners did not differ significantly from the native speakers. This might be taken to mean that they had received sufficient L2 input for, if they had not, how could they have shown "nativelike" perceptual sensitivity to vowel duration? In point of fact, however, the experienced late learners' perceptual sensitivity to vowel duration probably differed from that of the native speakers. Some of them reversed the labels used by the native speakers in the identification experiment. As a group, the experienced late learners showed less consistency than the native speakers; and their phoneme boundaries occurred at a different location than those of the native speakers. Finally, the experienced late learners showed little evidence of a categorization effect on their imitations of CVC stimuli. When data obtained for the imitation of isolated vowels and CVC stimuli were compared, the experienced late learners closely resembled the inexperienced late learners rather than the native speakers. This suggested that the experienced late learners had not integrated vowel duration into what Volaitis and Miller (1992) refer to as "the internal perceptual structure of voicing categories."
In summary, Chinese subjects who learned English in childhood seem to have established phonetic representations for/t/and/d/in the final position of English words. Like native speakers, the childhood L2 learners made vowels considerably longer before/d/than/t/.
They showed perceptual effects of vowel duration that closely resembled those obtained for the native speakers in an identification experiment, and in an experiment using the method of adjustment. Also, the childhood learners resembled the native speakers in showing a discontinuity in the vicinity of their/t/vs/d/ phoneme boundaries in an imitation task. Inexperienced late learners, on the other hand, produced smaller voicing effects than the native speakers. They also differed from the native speakers in terms of consistency and slopes in the identification experiment, and showed significantly smaller effects of vowel duration in the method of adjustment experiment. Ex-perienced late learners showed production and perception effects that were intermediate in magnitude to those observed for the native speakers and inexperienced late learners. The grouped data, but not the data for individual subjects, were consistent with the hypothesis that production accuracy is limited by the adequacy of adult learners' per½eptual representations for L2 sounds and contrasts.
